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REMARKS 

Claims 1-18 currently are pending. Claims 1-8, 1 1-13 and 15-18 have been withdrawn 
from consideration by the Examiner. Claims 9, 10, and 14 currently have been amended. 
Restriction Requirement 

The Examiner made the restriction requirement final because the Examiner believes the 
technical feature claimed is not a contribution over the cited prior art. 

Applicant respectfully request reconsideration of the Examiner's position. Although the 
Examiner cites some homologies after database searches, the Examiner has not put forth any 
anticipation or obviousness rejections of the claimed sequences. This indicates that the claimed 
sequences are novel, nonobvious and represent a contribution over the prior art according to PCT 
Rule 13.1 and 13.2. Therefore, applicants respectfully request that the Examiner withdraw the 
restriction requirement and examine all of the claims together. 
Sequence Listing 

The Examiner stated that in order to comply with the sequence rules applicants must 
identify sequences by providing SEQ ID NO: because the amino acid sequences presented on 
pages 17-19 do not have SEQ ID NOs. 

In response, applicants herein submit the sequence listing again (first submitted on 
September 11, 2002) in paper form and on CD (computer readable form). The content of the 
paper copy of the Sequence Listing and the copy of the Sequence Listing in computer readable 
form is the same, and includes no new matter. 



EHRHARDT et al., Serial No. 10/070,277 

Presumably, the sequences to which the Examiner refers on pages 17-19 are the primers 
designated by applicants as SEQ ID NOs 6, 7, 8 and 9. The specification has been amended to 
add SEQ ID NOs where these primers appear. 
Claim Objections 

Claims 9, 10 and 14 are objected to under 37 CFR 1.75(c), as being of improper 
dependent form for failing to further limit the subject matter of a previous claim. The Examiner 
stated that claims 9 and 10 directly or indirectly depend upon non-elected claim 1. 

Applicants do not believe claims 9, 10 and 14 are directed to non-elected subject matter. 
According to the Examiner's restriction requirement dated September 28, 2004, the Examiner 
stated that Group V encompasses claims 9, 10 and 14. Claims 9, 10 and 14 ? s dependence on 
claim 1 does not necessarily indicate that they are now directed to non-elected subject matter. 
Claims 9, 10 and 14 are drawn to the use of a protein having dihydroorotase activity to identify 
an inhibitor and this protein is encoded by a DNA sequence as claimed in claim 1 or a DNA 
sequence having a homology of at least 40% with respect to SEQ ID NO: 1 . 

Applicants herein amend claims 9 and 10 as the Examiner suggests under section 6(b) of 
the Office action dated February 25, 2005. Applicants believe claim 14 is clear as it stands. 
Therefore, claim 14 has not been amended. 
35 USC §112, fl 

The Examiner rejected claim 9, 10 and 14 under 35 USC § 1 12, ^[1 as containing subject 
matter which was not described in the specification in such a way as to reasonably convey to one 
skilled in the relevant art that the inventors, at the time the application was filed, had possession 
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of the claimed invention. The Examiner believes the specification only provides a single 
representative species of dihydroorotase from Solanum tuberosum for use in the method of 
screening for herbicidally active test compounds, wherein the inhibition of the dihydroorotase 
activity is taken as a measure of the effectiveness of the test compounds. 

The Examiner rejected claims 9, 10 and 14 under 35 USC § 1 12, f 1, because the 
specification, while being enabling for a method (or process) for finding herbicidally active 
substances by inhibiting the activity of a plant dihydroorotase, comprising producing 
dihydroorotase recombinantly using the DNA sequence of SEQ ID NO: 1 , does not reasonably 
provide enablement for using any DNA sequence having at least 40% homology to SEQ ID NO: 
1 and which encodes a protein having'the biological activity of a dihydroorotase. 

The Examiner believes the instant specification gives no examples that dihydroorotase 
(DHO) is suitable as a target for herbicides and asks for data regarding herbicidal compounds 
acting on DHO. 

In response, applicants point out that in addition to SEQ ID NO: 1 from 5. tuberosum, on 
page 2, line 9 DHO from A. thaliana is disclosed and this can be used according to the present 
invention. One of ordinary skill in the art easily would be able to find other DHO sequences, for 
example from other plant species based on sequence similarity or mutagenesis techniques. 

Also, functionally unrelated DNA would not fall under the scope of present claim 9. 
Multienzyme DHO complexes such as those from yeast or D. melanogaster also would not be 
within tthe scope of claim 9 as they are not plants. 

DHO clearly is identified as an herbicide target. In the present examples, antisense 

4 



EHRHARDT et al., Serial No. 10/070,277 

expression of functional DHO is done and the analysis of these transgenic plants shows that the 
reduction of DHO is correlated with growth retardation (Example 7). 

Applicants also do not agree that the pending claims are directed to any DHO of certain 
homology. Claim 9 is directed to plant DHO, not any DHO. Also claim 9 herein has been 
amended to 60% identity instead of 40% identity which further restricts the sequences covered by 
the claims. 

Applicants believe that screening for mutant DHO would be routine for one of ordinary 
skill in the art and can be done for example, by in vivo mutagenesis. This method would use E. 
coli strains having mutations in the genes for DNA repair system (e.g. mutHLS, mutD, mutt, 
etc.see Ruppl W.D. (1996), reference attached.) One of ordinary skill in the art would not have 
to undergo undue experimentation to obtain the modified DHO sequence. The use of these 
sequences is illustrated in Geener et al. (1994) and it is attached to the present response. 

In sum, applicants respectfully request that the Examiner withdraw the rejections under 
35 USC § 1 12, Tfl, because in the claims, the function is clearly assigned (DHO), the 
function/structure relationship clearly is established, there is disclosure of assays which can be 
used for identification of functional activity, the skilled artisan can screen other plant organisms 
to find naturally occurring variants of the sequences disclosed in the present application, and 
mutagenesis techniques for obtaining functional equivalents are within the level of the ordinary 
skilled artisan. 

In view of the present amendment and remarks, applicants consider that the rejections of 
record have been obviated and respectfully solicit passage of the application to issue. 
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Applicants enclose the two month extension of time fee for $450.00 with form PTO- 



Please charge any shortage in fees due in connection with the filing of this paper, 
including Extension of Time fees to Deposit Account No. 14-1437. Please credit any excess 
to such deposit account. 



1300 Eye Street, N.W. 
Suite 400 East Tower 
Washington, D.C. 20005 
(202)659-0100 
JDV/DSK 



2038. 



Respectfully submitted, 
NOVAK DRUCE DeLUCA & QUIGG, LLP 




Jason D. Voight 
Reg. No. 42205 
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XLl-Red: A Highly Efficient 
Random Mut agenesis Strain 

— — - >i.. ft^.ntr • Marie Callahan 



"Alan" Greener • Marie Callahan 
Stwtagone Cloning Systems 



Cloning andsequendngogeneofirmre^ ™fZ£t 
0* to* steps <n understanding how the gene product 
fZSns, bow it is regulated and what gene pM '' 
Interacts wltb. To ansiver these complex qu&tto ms,nt- 
mSSn traditionally generate mutations within toe gem 

and study their effect*. Wile 
^nctionofmanygenesa^knoum, W 
been characterized at the molectdar hue) 

mutants, therefor*. W"™™<W™* XtSSS! 
random mutations throughout the gene. ™ "*™V? 
has usually been reserved for genes that have a selectable 
„S%Ue hhenotype In Bsdicrichia coli **«m >bc 
isolation of random mutants ts unpredictable and tmpro- 
dlSS. We have developed a highly efficient and 

reproducible ntetbodM^^^^'S^^ 
Jne of interest using Stratagem's new XU-Kxl mutator 
strain Ibis method does not require any genetic select.on 
orscnenfortbegenv'sactivity, nordoes Itrvcfutrvtsctensn* 
genetic or biochemical manipulations. 

Over the years, there have been a number of procedures 
developed to generate random mutations wuhin a gene. 
One Sod thm Ls still widely used is the chemical 
treatment of DNA (see reference 1 for a review). Carried 
our in vwoot in Vitro, this process uses nitrosoguaiudine, 
hydruxylamine, ultraviolet light, etc, to generate jfoemu- 
tations. 'rhese chemical mutagens arc usually *nW* 
when mete is a genetic screen for the mutant phenorype 
because the efnetency of mutagenesis is dUTicuti to control 
and monitor. The chemical method is rarely used on genes 
that have no screenable phenotype because the percent- 
age of molecules having random changes .s usuatty very 
low In addition, treatment with different chemicals w not 
entirely random because mutational hot spots exist widnn 
the DNA, and only certain types of muauons . trans*- 
dons or transvenstons) are generated depending on the 
chemical used (see table 4.2 in reference l). 
Recently, many laboratories have begun using the pdy- 
- "menu* chain reaction ^"-^^"S 
mutations in genes that have oo^ble pheno^pc/nus 
method exploits the inherent infidelity of Tua DNA poly- 
merase during the reaction. By varying the reaction 
conditions, the PCR process can yield random mutations, 
. ■ i n ___ i!li _H wi ih ihLs nrneedure, 



SSL om*P. inflow ^S^S^S^ 

Morphology of dorm on LB pfafss Contttnlng BOP 
todlasto? Substrate 




Quadrant A: Parent Pfu afcafifig 
Quftdwuc: Pfu »i. Quadrant PtflfuS 



done- Quadrant B; Pft/5. 




method very time-consuming and expensive, and only a 
limited number of random mutants can be generated. 
Mutator Strain* with High Random ^tttfrnltatt 
Stratagene has improved upon another mttliod OCWSKm- 
ally u*d for the generation of random mutants: the 
propagation of a clone in an E. coli mutator strafcv Cawm 
strains of E. coll that carry mutations In one or tne m 
repair pathways are called mutator strains because iheir 
random mutation rate is higher than that £ the wi^ 
parent. Typically, strains that carry the mutSa mud) allele 
have a 50- to 100-rold higher spontaneous mutation rate, 
merase during tne reaction, uy _J=ZT Propagating a plasmid In one of these strains will eventu- 

condltions. the PCR process can yield tarrfomiw^ns, ww ^/ ndomnul[aitons wUhinthegeneof interest; 
but rhereare two problems associated ™^"P^™ ffi^k ta*a*d mueuion raw is sdlltoo tow to be 
Flm. the gene of interest roust lw recloned Into a veaor however tnem™^ ^ ^^ bWscree nabie phe- 
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ing mi*" vi k ^ l0 rturieotkle per generation 

^au^the mm Of interest repiesents only a portion of 
w .o ™w?tn D ih we measured the spontaneous muta- 
thc plasmid length, wc fo Hows. XLl-Rcd was 

fl°"^^^ a ^ r c ^ w ^ich is derived horn the 
"ESSE VSiff both amptdllin and 

pBluescnpi n P^8»™ „T AmoldlUa-rcsisrant tansfor- 
M0 ^n™L™T^™Z<^ to stationary 
X2 SKSdSA was isolated by miniprep 

(v,, B-ae chance per 2000 Nucleotides 
%!£SS5 presented in table 1 show that, of the 

five carried a single point mutation. Therefore, 1 J™£°™! 
Kerest is probated in a pBluescript- or pU^*™ 
^S-nuttS plasmid. overnight growth In the ^ 
S ^ wTresult in approximately one 
~x 2000 nucleotides. If the gene of toteiest is 2000 bp n 
^SSXrS the average every single isolate should 
hSneooini mutation. If the gene of Interest is smaller, 
u n«cenia E e of isolates will be mutant Ge., 

SofdSae BESS - »y propagating the 

3SJ ? for^iSnal rounds of growth, the mutauon rate 
^Tner base level will rise proportionally- In additf onjf 
h^ ^ne of interest is cloned in a lower-copy-number 
die gene of uaere* «^L m ^ me XLl-Red strain 
P cS except that fre 

should be ptopagated in k « 5 
additional generations to account for the lower relative 
eene dosage of die target sequence. 
^hl«™*Ks of tMOpagaiing a clone in the mutator strain 
^r^em^eaVTnd cosHffecO* to generate 
ITdom mutants in a gene that f^^^u^ 
able or screenable phenotype. In additton, ^though 
^auence data are limited to the results presented, the 
JSs of mutations we have observed app«r to be ran- 
S»tMn location and in the W oTd-*^**" 
Rvesingle mutations found (table », three ^ "andtion 
mutations, one was a transveision, and one was an 
insertion of one base. 



the mutator strain makes u very easy ro . h 

colonies a f an overnight culture of 

Miniprep DNA isolated trorn <m ^^h^use 
Tb^J /-i^irtff the P furiasus alkaline phospnatase 
xU-Red carrying ™ J\' •{ *^^ ue aAci pia^ on BOP 

Z« resulted from a plasmid mutanon because au 

lensue of tht mucanis. auwuiw /» identified a 
variants that were mote active at 37°C, we lOemineo a 
variant uua colonies thai were white, 

alkaline phosphatase acrivity had occurred. 
First- and Second-Generation Mutants 
One ofthe more highly active variants >£toP.furtg? 
phosphatase was *«^f^g» *Ji 
IS and wown to stationary phase. Plasmid DNA was 

to -i^^rto^ 

.mnrftvimatfilv 5000 irapsrorrnants screened two were 
KS^«SE even greater alkaline ^ 
°X at 3TC than either the wild type or theofl^ 
™S. Miniprep analysis and retransfbrrnati^ ontaMd 
S^t these stH-generation mutants resulted from pbs- 

^^Tpriosus alkaline phosphatase^^ 
ftS-gSL tnt (P/u5)ar^thesecond^neratlon 
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available (such as for alkaline phosphatase), the use of the 
variants with altered activity. 



mutants (#15-1 and P/» 5-2) were then <° * >NA 

™c4^naly S ». The sequence data <^****£ 
motion occurred within either % 
\A and 5-2- increase in activity al 37°C> or the vector 1/7/1 
5 enhanced oxp^sior, at 37"0. Fifiure 1 £ * 
phSype or the clones on plates containing the BOP 
chromogenic substrate. 

C ^SS n has developed a n efficient, rapid sikU-x- 
jSSFZr tethS foVuttroducing random muat.ons 

into a cloned get* of interest. Thus mcih<xl .simply requires _ UBmMj „ ^^h, 

Sling lite cloned f nc into our new XU-«c [^^X^^ 
mutator strain, whose random mutauon rate is approx 
^ c refold higher than Ihat of its wild-type parent 
mKiuinfc particularly suitable for Generating random 

within a Ren/ that has no 
ah TpUcntHype. Additionally, when a g«net«c screen « 
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Two Ways to Pour Perfect Sequencing Gels 
Paurino a 'good' gel can often be the most troublesome 
pSa^iffig To Increase your chanoss of pounng 
Saineffectael were^mandtwoeasymeihod6jJutnrat, 

Make are mYptataS are as dean as possible. (2) Avoid 
S Sm greaseto seal the plats fdg^ beca^ tt can 
be dfltaStto completely remove from the plates. <3)Tryan 
atanSm to the reditional but nme-consuming process ot 
^nolro to seal the plate edges. Which brings us to flw 
SH, Sfprwfamd methods for pouring gals quickly 
and painlessly. 
1. Tapeless Method 

This method is used tor large plates such as 'he ^m- 
wWe plates run on the Slratagene BaseAce" verted 
Zincing apparatus. To prepare the plates, use a 1.5- to 
Swkte swpof Whatman r 3MM chramategraphy papw 
"a rSispaoer. then sat up the side spa«™asus^ 
and secure theldes and bottom of the gel wfch to rge binder 
5tosS« the prepared plates on Kimwlpes® boxes or me 
Syrerra toim lids of your Stratagena pacWng bwes.Titt 
me 1 ! $ plates to a 45* angle from horizon* fl<JP*8» 
and «.ur the acrylamlde slowly and carefully between the 
nKates inMrtthe comb and leave the gel m polymerize 

t$E*m the bottom. After pounng the gel, 
oei has polymerized, remove the clips from the bottom of 
me oaf the bottom spacer can be left in while running the 
gel because the current will run through it 



2. Hinge Method 
You ran use the hinge technique wahthe! 
vertical sequencing apparatus or any gel ^ «*^ a ? 8 
acwTxlmlielv 22 ot wide. This method can be messy, so 
to first lay down absorbent fjaper «wd be 
" *i m TZ*« nmM acrvlamlde. Race the ten plate on 




empw Wbe holders or Ktmwtpes boxes ajU«rK w«i wet 
the soaceis with water (this helps them adhere to the plate) 

date on too. keeping the aide and bottom edges wenwin 
ffi iff : Puu5pto» of sequencing tape across only toe 
S ol the plates, so the tape acts as aWnge.Lm *e 
XXe from the top edge, pour "*\ » *» 
bottom halt of the tall plate and slowly lower fte^ Iplate. 
making we that air bubbles are 
3 thei SO that ft is approximately 5° from boton^. 
Clamp ttTa sidos with large Gr^^ and lr«ert the comb. 
Keep the gel In tWs position unta poiymenied. 



Send U» Your Hps 

We'll Ghx You the Product Crtdlt You Dcstnrd 

._ . . . l»IM.n»1*hTiA£"8aGfc 
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INTRODUCTION 

We are now very used to seeing Oiefa^iyarWatson-Crickstruc. 
ture for normal DNA in which the two Strands toteract trough 
hvdrotenbondscoiui^ 

malsttucture can bealtered or damaged in a variety of ways, and 
all cells have a coUection of method* and strategies to overcome 
these imperfections. In this chapter, we consider the types ot 
alterations observed in DNA and how Escherichia colt responds 
to the presence of these alterations to overcome the potentially 
deleterious consequences of DNA damage. 

TYPES OF DAMAGE 

A variety of defects can be present in DNA. These defects can be 
introduced by spontaneous in situ reactions, insults from exter- 
na) physical and chemical agents, and reaction with intermedi- 
ates present during normal metabolism (17, 45, 74). In this 
chapter, we consider some representative examples of dtfferent 
typesof damage, but a cornprehenstve list of all known varieties 
of damage is beyond the scopeof this review (see reference 17 for 
more details). 



Mismatches 

Mismatches involve an incorrect base in one strand that does 
not pair correctly with abase in theother strand, Replication 
error$ can result in the incorporation of an incorrect base into 
the new daughter Strand- The replicating fork contain* many 
accessory proteins in addition to the main polymerase *at 
result in a great increase in the fidelity of repbcation. These 
other factors that increase fidelity of replication are discussed 

in more detail in chapters 50. 89, and US of this vobme 

However, a few replication errors are still made and are left 

behind after replication. 

Spontaneous damnation of bases in DNA occurs at a low 

but significant rate. Two of the most frequent events are the 

deamuTation of cyiosine to form uracil (which then codes like 

mymme) andmedeammano^^ 

(which codes like guanine) (17, 45). 

Missing Bases (AP Sites) 

Missing bases in DNA, also called abasic or AP sites (AP is an 
abbreviation for both apurinic and ar^rimidinic), are the result 
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of cleavage of the bond Unking thebaseto the deoxyribose in the 
sugar-phosphate backbone of DNA. Sach cleavage can occur 
spontaneously, most often in the case of purines, or after alkyto* 
tion of the base which causes the bond linking die base to the 
sugar-phosphate backbone to become more labile (17, 45)- w 
sues can also be formed in DNA as intermediates m the repair 
process when a DNA glyeosylase removes a particuki base . from 
die backbone. This process is considered in more detail later in 
this chapter, 

Altered Bases 

Altered bases in DNA can be formed after irradiation with UV or 
ionizing radiation and also as a consequence of exposure to 
certain chemicals. The effects of radiation can be direct, that is, a 
consequence of the interaction of the radiation direcdy with 
DNA. such as the formation of cyclobutane pyrimidine diners 
after exposure of the DNA to UV light. Ionizing radiation an 
cause alterations either direcdy by the direct depositionof energy 
in the DNA or indirectly by the action of reactive solvent species 
such as radiation-produced radicals and ions 

DNA can also become damaged after reaction with a variety 
of chemicals. Some chemicals interact directly to damage DNA, 
while others may need to be converted to a more reactive species. 
In some cases, the cell is responsible for converting a chemical to 
an active form, while in other cases (such as psoralen and its 
relatives), the chemical is activated by light only after it has 
boundnoncovalentiyteDNA(l7). 

Other possible chemical sources for DNA damage come from 
the metabolic intermediates of the cell itself. For example, S-ade- 
nosylmethionine, the metabolic methyl donor, is able to transfer 
metW groups to DNA (74). Intermediates in oxidative proc- 
esses are capable of oxidizing DNA bases to make mem nonin- 
structive or mutagenic, while some enzymes, such as DNA 
methyiases, can cause deamination of cytosine to uracil under 
certain conditions (102, 131). 

Single-Strand Breaks 

Single-strand breaks (and sugar damage that leads tobreaks)can 
be introduced by several means, including ionizing radiation, 
various chemicals, and attack by nucleases. 

Double-Strand Breaks 

Double-strand breaks can result from the chance occurrence of 
two angfe-strand breaks that occur close to each other in the 
complementary strands or can result from a single event, as in 
deposition by ionizing radiation of a large amount of energy that 
is sufficient to break both strands. 

Cross- links 

Cross-linking of complementary strands occurs with some 
chemicals, particularly with bifiinctional alkylating agents but 
also with some chemicals such as psoralen derivatives, which 
intercalate into the DNA backbone and have two reacuvc sites 
that react with pyrimidines in the complementary strands with 
higi efficiency when the chemical is photoacrivated. With the 
psoralens, the activating wavelength is longer than that absorbed 
by the DNA itself, so psoralen can be added to form monoadducts 



and cross-Enks with minimal other photodamage to the DNA 
when appropriate care is taken with the experimental protocol 
(17). 

POSSIBLB STRATEGIES FOR DNA REPAIR 

In principle, there are several strategies that cells could use to 
repair the effects of damage to DNA, and in fact, during evolu- 
tion, EschericMa cola has accumulated a battery of responses that 
includes a variety of these possibilities. The simplest and most 
direct mechanism is reversal of the effects of the damage directly 
without otherwise altering the DNA structure. Two protein reac- 
tions that use this strategy are the methyltransferase activity on 
o'-methylguaiune (0 4 -MeG), which removes the methyl to re- 
generate G in the DNA and the photolyase reaction, which 
reverses cyclobutane pynmidine dimers to regenerate the two 
original pyrimidines. Other repair or recovery processes use 
several different specific mechanisms to remove damaged seg- 
ments from one strand and then utilize the redundancy of infor- 
mation in the two strands of DNA to reconstruct the original 
sequence by copying the undamaged strand- In other cases, the 
actual damaged portion may not need to be removed from the 
DNA molecule; recombinational exchanges can restore informi- 
ng to at least one strand of the DNA even though the correct 
information was previously absent from both strands. 

DIRECT REVERSAL OF DAMAGE 
Direct reversal of damage by repair proteins without any break- 
age of the sugar-phosphate backbone occurs in several cases. 

DNA Repair Methyftransf erase 

DNA repair activity removes methyl groups from several specific 
sites in DNA including O'-MeG, 0*-MeT, and the methyl phtw- 
photriestersthatresidt&t>mmemylationofthephosph3temthe 

sugar-phosphate backbone. This activity was first identified 
when the phenomenon of adaptation was studied m detail (76, 
90) During adaptation, exposure of cells to low concentrations 
of methylating agents (and other alkylating agents) causes the 
cells to develop resistance to the lethal and mutagenic efifects of 
subsequent exposure to much higher amounts of the adapting 
agents. Biochemical studies revealed that the disappearance of 
O'-MeG from the DNA accompanied this phenomenon. More 
extensive biochemical and genetic studies showed that during 
this process, a methyl group a actually transferred from die 
0<-MeG in DNA to a specific 39-kDa protein, leaving behind a 
normal Gin the DNA. Furthermore, this protein is also involved 
in the regulation of the adaptation response. The 39-kDa protein 
is the gene product of the aia gene and is designated Ada. The 
role of Ada in regulation is discussed in a later section. The Ada 
protein has two domains that act as acceptors in methyftrans- 
ferase reactions from methylated sites in DNA (1, 56, 89). The 
site to which a methyl is transferred from O'-MeG in DNA * a 
cysteine (Cya-321 ) near the carboxyl terminus. In addition to this 
active site on die Ada protein, the methyl group from methyl 
phosphotnesters in DNA can be transferred to a different site 
(Cys-69) in the Ada protein near its amino terminus, and methy- 
lationof this ammo-terminal site correlates with thefunctionof 
Ada as a transcriptional activator. An interesting property of the 
Ada protein is that when a site on Ada is methylated, the methyl 
group remains indefinitely. This means that the protein is used 
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once for each site and does not recycle in thecaialyUc Huts 
typical for enzyme* Thus, to remove many methyl poop from 
Sna, a separate protein must be used for each methyl that is 
removed. (More precisely, each polypeptide can remove one 
methyl from an alkylated base and one methyl from a memyl 
phosphotriesteM^eeAetwomethyl-acaptinBSiteaaieseparate 

Ld distinct in their locations and functions.) Because the trans- 
fer of the methyl g^p from DNA to Ada Is a one-way 'proo* 
in which the methyl remains permanently attached to Ada, Ada 
has been called a suicide DNA repair protein. 

Recent studies have demonstrated the presence of a second 
DNA repair memyUraroferaae that removes mrthyl groups from 
O'-MeC of the DNA of cells in which the ada gene has been 
inactivated by mutation. This protein is now known tobe the 
gene product of the ogr gene (shorthand for DjA O^G 
transferase), which has been identified and mapped a t mm 30.1 
on the E eoii chromosome (69. 114). In contrast to the regula- 
tion of cM, the depression of ogt is constitutive, with no appar- 
ent activators or repressors known to be involved in its 
transcription. 

Cydobutane Dimer Photoh/asc (Pholoreactrvating 
Enzyme) 

Another reaction ill £ coli that operates by the direct reversal of 
damage in the DNAis that of the DNAphotolyase (23, 31.32,77, 
1 U). The substrates for DNA photolyase are flj-^ cyclobutane 
pvrimidine duncrs (PyroPyr) thatare fomedtaUV-irradiated 
DNA in which two pyrimidines are adjacent m the same strand 
A law number of careful, detailed studies have shown quite 
clearly how this eniyme works. The * coli DNA photolyase is a 
monomeric polypeptide of 471 amino acids (54 kDa). Two 
sential noncovalent cofectors that are also chromophobes (flavin 
adenine dinudeotide and methcnyltetrahydrofolate) play key 
roles in its action. Photolyase attaches to the DNA substrate in 
the dark. Upon exposure to light of the appropriate activating 
wavelength (350 to 500 nm).methylenetetrahydrofolate absorbs 
energy from the light and transfers energy to the reduced flavin 
adeiuMmnucleotidebydipole-dipokm^ 
intermediate then transfers an electron to the PyrOPyr to split 
it Further electron transfers then restore the original pyrimidi- 
nes and regenerate the original form of the DNA photolyase 
enzyme. This polypeptide, in contrast to the DNA methyltrans- 
ferasc, recycles many times and operates in the typical catalytic 
mode that is familiar for most enzymes. 

BASE EXCISION REPAIR 

Base excision repair is a repair process that begins when a dam- 
aged base is removed through theactioaof aDNAN-glyrosylase 
that cuts the bond Unking the base 10 the sugar-phosphate back- 
bone of DNA (Fig I). This abasic (AP) site is then farther 
processed by an AP endonudease to cut the sugar-phosphate 
backbone. Some DNA N-gfycOSylases (uracil DNA N-gh/eosyl- 
ase) have only glycosylase activity, while others, such as endonu- 
dease III and MutM (formamidopyrirrudine [Fapy] ) glycosylase, 
have an associated AP endonudease activity that is an integral 
part of the same polypeptide chain. After nuclease activity has 
cleaned up the ends, the small gap that remains is filled by a DNA 
polymerase; ligation of the ends tben completes thebase evasion 
repair cyde. The specificity in this repair pathway is determined 
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FIGURE 1 Base excision repair. A DNA N-glycosylase starts the 
process by removing a base. Some glycosylases have assooated AP 
endonudease (lyase) activities, while others do not and require the 
action of a separate true AP endonudease such as ewmudease fflor 
endonudease IV. dR, deoxyribose; dRpase, deoxynbophosphodi- 
estcrase. 



by the properties of the particular DNA N-glycosylese that mrti- 
ates the process (Table l). A battery of different glycosylases 
provides the cell with the ability to recognize a nd repair many of 
She most common alterations in DNA. Some of these DNA 
N-glycosyiases (particularly uracil DNA N-glycosyJase are 
highly specific for a particular substrate, while others (Fapy 
glycosylase and endonudease III) have a wider rang* of sub- 
strates that includes several different damaged bases. Several 
years ago, researcher* anticipated finding many difltrent glyco- 
lylases with high spedfidties for their substrates, but it is now 
recognized that some of the enzymes act on multiple substrate, 
so these various activities are actually performed by a relatively 
small number of separate DNA N-glycosylases. 

Glycosylases 

Uracil DNA N Glycosylase. Uracil is produced in DNA by de- 
ammation of cytosine and is removed by uracil DNA N-«lyeo- 
sylase, the product of the wig gene. This enzyme is very specific 
for U as a substra te. As mentioned above, this enzyme is a simple 
glycosylase and does not have associated AP endonudease or 
lyase activity. 

Tag (3-MeA DNA Glycosylase I) and AlkA (3-MeA DNA GlycosyV 
ase II). Alkylationproducts in DNA are substrates for at least 
two different 3-MeA DNA glycosylases that are products of the 
tag and alkA genes (7). Tag has greater selectivity than AlkA, 
removing 3-MeA much belter than 3-MeG, while AlkA has a 
broader specttfcityandiemovesuwmbo^^ 
is also known to remove hypoianthute from DNA (85). IHypo- 
santhine is a mutagenic product formed by deaminabon of A.) 
The expression of the taggene is constitutive, while the alkA gsne 
product is under the control of Ada. This coordinated expression 
of alkA and ada is noteworthy in that the two gene products 
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TABLE! Genes and proteins involved in DNA repair 



Substrate and/or function* 




Direct reversal of damage 
ada 

ogt 



GlycosyUses 



Glycosylascs with associated 
Apcndonvidcase (lyase) 



nth 



htvtY(micA) 



AP endflnucleases 
xthA 



49.7 

30.1 
16.0 

58.3 
80.0 
462 



82.1 



3*8 



Ada 

0 6 -Gmefoyliransferase 
DNAphotolyasc 

Uracil DNA glycosylate 
Tafc3-MeADNAgJycDsylaacI 
AlkA, 3-M*A DNA gjycosylase II 



MutNU^pygtyco^aicCO 
glyaMylase,FPG,APlyatt 

Endonueleasc III 
EndonuckaseVM 



66.8 Mutf glycosyiase (adenine rm"«pair 
glycosylate) 



nfo 

Mismatch repair 
vsr 

mutR 

mutL 
mtS 

sbcB (xfiiiA) 

Cleansing of precursor pool 
muff 

Nucleotide excision repair 
uvfA 

uvrB 

uvrC 

mfd 

uvrD 

Postreplication repair, SOS 
regulation and rjanslesion 

lexA 
muC 

Redox control of transcription 

ioxR 

sox5 
General repair 



39-4 
48,4 

43,8 

63.9 

947 
61.5 

44.9 
65.4 

2.4 

92.0 
17.6 
43.0 

86.1 



60.8 
91.6 
26.5 
26.5 

92-1 
92.1 

$7.1 
54.5 



fcxonuclcaselli 
Endonvckase IV 

V«rendopucleaae 
MutH 

Matt 
MntS 

Ejtonaclease I 
Red 

MntT 

UvrA 
UvrB 
UvrC 
Mfd 

UvrD T hclkaseU 



JUcA 
LexA 
UmuC 
UmuD 

SoxR 
SoxS 

DNA polymerase J 
DNAIigaa 



^smdciirandcd] ds, double stranded; THF, tewhydrofurarv. 
feXr wgenei involved in repair and recombination, see chapter H9m 



Alkyhransfcn.se (<^-Q^-T t andalkyiphos^otriatcts) 

traiucriptional activator of genes with Ada boi 
0 6 -Galkylban*fera6c 

Splits cydobutane pyfimidine dimers (in hgm) 

Uracil (dcaxnlnadon product of C) ss > da > loopa 
3-MeA»3-MeG k w - . 

Various aikylpuruie*, including 3-MeA end 3-MeG, and 
hypoxanthinc (controlled by Ada) 

Glyeoaylase with associated AP endonuckase activity; acts on 
F apy, GO, and other oxidized purine*; also acta on some 

Gl^^wiiha^odatcd A? lyase; acts primarily on pyrimidinc 

GlycoaXe and AP lyase similar to endpnudcase HI; thymine 
idycol, drnTdrowymine, p-una^isobntyricacifl, urea, AP sites 
(butnotredncedAP fates) (probably nicks on 3 ^"^^ 

Removes A from A:8-oioG mispairs that are replication products 
of 8-oxoG (alio removes A from A:G, kC« and Ax>xoA 
mispairs) 

AP endonudeasc; hydrolyzes bond 5' to damaged site, leaving 
deoxyribose attached to 5' terminus; also acts on site with urea 

ApSu dense hyd rolyzes bond 5' to lesion, leaving kaon on 
5' terminus; also works on a-deoxyadawtfine (radiolysu 
product) and THF derivatives (abasic site model) 

Cuts on 5' ride of T in TG mismatches at Dcm sites when S-MeC 

ErSoluK^ 

repair system thar cuts ttthernimemytated iUes 
Interacts with MutH andMuiS to coordmaje their f*^. 
Mismaieh recognition component of MutHlS methyl-dircaco 

mismatch repair system 
lnvoWedmMutHUmismatchrcr>aiT . 
Involved in MutHlS mismatch repair (and recombination) 

Hydrolyzes B-oxOdGTP to 8-oxodGMF bete it can be 
misineorporated into DNA 

UvrABC ad* on wide vajiety of bulky lesions. DNA cross-links, 
eic to make dual incision on each side of Won 

UvrABC acts on wide variety of bulky lesions. DNA ctoss-1u*s, 
etc., to make dual incision on each side of lesion 

UvrABC acta on wide variety of bulky lesions, DW crosslinks, 
etc., to make dual indtion on each side of leskm . 

Transcription coupling factor in UvrABC siiand-spccific repair of 

Par^^e^bMa^LS mismatch repair and also UvrABC 
nudeortdc atcirion repair 



Strand exchange between homologous DNAs 
lUmceasor ofSOSRec-Lex genes 
Involved in SOS mutagenesis and trinalesiOD synthesis 
Involved in SOS mutagenesis and translesion synthesis 

Tran^xSnal activator (with redo>acu*atcd SoxR) 

jSm^trana^^^ and reo>rtiblnadon processes 



this volume. 
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repair different type, of alkylation damage by diferem media 

2»s.Th«linWregidationo^^^^ 

therepair of several diverse tesiom thai are Lkely to be formed m 

DNA by a single alkylating agent 

Glycosylates with Associated AP Endonudease (lyase) 
Activities 

MutM (Fapy) Glycosylase. Oxidative damage to purines and 
dialesandarumothcrcheimcakasweUas^reto^ 
produced by ionizing radiation- Two proteins, Fapy gy*jU« 
L endonudease 10, are glycates «*• 
donuelease activities that remove many of the ^t «^un 
oxidative lesions. Although there is some overlap to the sub- 
s «rat« of die two proteins, endonudease HI acts pnman y on 
pyridine products, while Fapy glycosylase acts primarily o* 
EW purines. Fapy is formed when the imidazoU : ring, t» 
damaged purine is opened. Fapy DNA rtycosy^ n known by 
v^sJmes,indudin B 8. OT o g uamne(B-oxoG)DNAglyasy- 

lase, Fapy glycosylase. FPG protein, and MutM protein. It has 
SvaSyUse activity that releases B-oxoG and Fapy from oxida- 
tive!? damaged DNA (8, 20, 117). (Fapy is apunne c*dauon 
product in vhichthe five-member ring has been opened.) This 
P eSyme also releases 5-hydroxy cytosine and 
common pyrimidbe oxidation productathat are 
be removedby endonudease III as well as by Fapy glycosylase (22). 

Endonudease III. E^^easelUwaso^ 
an enzyme that cut DNA irradiated with high fineness of UV 
licht (66). It is now known that endonudease III acts as a DNA 
£Xe on pyridine derivatives with rings that are satu- 
S contract and rearranged. These derivative > mdude 
thymine glycol and other S^dihydropyrumdmes (^Hy- 
droxy cytosine and Miydroxyuracil are other awwff* 
dWoiddationproducts that are now known to .be removed by 
both endonudease III and Fapy glycosylase (22). 
Endonudease VIII. Endonudease VIII, a reeendy described ^- 
tivity, is similar to endonudease III in its subsuate range and «n 
iKbathbU^^ 

nicks on the 3' side of the lesion, because it generates blocked 3 
ends (50). 



AP Endomideases 

Exomidease III and Endonudease IV. AP endonudeases are 
divided into two categories: the »ue APendonudea«a sudi as 
exonudea* III (dass II, 5' nudeotidyl hydrolases) hydrolyze die 
S'phosphodksierboimadiac^ttoanAPsite.geiieiatogamck 

wiAtypical3'hydroxyiand5' phosphoryi termini, while the AP 
Cs (dasa D, of which endonudease III and MutM (Fapy 
gtaosylase) are examples (8, 37), catalyze *e cleavage of the 
phospUesterbond3'toanAPsitebyame«totl»tdeaves 

L deoxyribo* moiety and generates termm, with normal 5 
phosphorylsbut leaves on the 3' end only an dtexed ^oxynbo* 
mat is a block to chain elongation by DNA polymerase I. ^""U- 
dease III also recognizes and cuts at urea residues in oxidized 
DNA (36). Inside the cell, the two major true AP endonudease 
activities are exomidease III and endonudease IV. This conclu- 
sion is based on studies of Unirradiated T4 bacteriophage m 
which the repair is initiated by the JenVgeneofT* which has a 
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ohage^ncoded DNA glycosylase that is specific for pyrimidine 

the *m n/o double mutant but normal survtval when pbted on 
the single mutants, indicating that either protein proved 
enough activity for optimdsorvival (86), . 

l£ deoxyribose fragment left at the end of a f^^ 
action of an AP endonudease or AP lyase needs processing, 
SLe it is a block for gap filling by a DNA F^J^n 
activity that removes to abastc residue w«d^rjed by Frank- 
ed IindaU (16) and named DNA deoxyrdKiphosphod, 
esterase. In subsequent studies, the two S"2£2S£ 
assign this activity to a specific enzyme came to different condu 
3 Sandigursky and Franklin (81-84) assigned this acavrtyto 
Snud3.whL Dianovetal, (14) reported that thedeoxyn- 
bophosphodiester.se is associated with the Red protein. 
SoxRSContnilofBndonttdeaKrV. A "^b" of toons 
that are responsive to oxidative stress V< under SoxRS comnd 
(see chapter 95 inmisvolume).Of these, njfc ^structural gene 
for endonudease IV. is the only one that is directly concemd 
with DNA repair.The regulatory control is complex in that SoxR 
fa produced Udtutivdy and sense, the *J « U 

by a mechanism that is only vagudy understood. Under , X ndt- 
tionsofoddativestress.S^beceunesar^^ 
of soxi whose gene product in turn activates ( he J gene to 
increase the synthesis of endonudease IV (41, 59, 130). 

GO (OXIDIZED GUANINE) REPAIR 
Oxidized guanines must be a significant problem ^the^Ma 
evidenced by the fart that £. cofi has devjsed » "luhi&c^d 
approach for dealing wiih the products of guanine oxidation 
(ft. 2). This approach has been called the GO system and in- 
dudes two different glycosylates (Muff adenine glyoosylnse and 
MutM Fapy glycosylase) along with MutT, a novel S-oxoguan- 

the precursor pool Oxidized guanine precursors of DNA can be 

n^corpoJintcDNAo^ 

To decrease this probability, the cells have ^°P^"« B '« 

enzyme, the MutT protein, that converts 

moUhosphateformbeforeilbecomamtorporatedmmDNA 

G in DNA is oxidized to 8-oxoG, this alteredbase 
is a substrate for the glycosylase mat is the product ofthe rmrtM 
B cne. This protein is known by various ^^32? 
glycosylase, Fapy DNA glycosylase, 8-oxoG DNA $Y**fl»*> 
SgLbui, and MutM protein (8, 20, 116, 117). It tosNfr 
cosi activity that release 8-oxoG and Fapy from mtidatrvdy 
damaged DNA This protein is one of those gh/cosybses that also 
has anassociated AP endonudease activity that cuts the phos- 
phodiester backbone. Exonuckase processing of the gap gener- 
ated by MutM creates a substrate that can then be restored w*h 
DNA polymerase and ligase. Replication of a template with 
8-oxoG can result in the significant rnisWorporauon °f A oppo- 
site the S^xoG. In yet another strategy J* «P* J » 
consequences of guanine oxidation, E cob has an additional 
enzvm^eMuti^mteiftwludiU^ 
with assodated AP lyase that acts remove the A from DNA 
structures containing mismatchw of A withg-oxoG (5». 57, u»). 
Repair of this structure results in the formation of a structure 
with C paired with 8-oxoG, which is the substrate for die MutM 
glycosylase (52). This system is fascinating because it demon- 
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FIGURE 2 GO system for repair of oxidized G. Several enzyme activities work in co^toovtr^ 
come the effect* of guanine oxidation on different stages, including the precursor pool and double- 
stranded DNA, before and after replication (see text for detail*). 



state* the response of the cell to damage in the DNA precursors, 

mtheDNAitselfcandmtheaberrart 

replication of DNA with the oxidized guanine lesion. 

STRAND BREAK REPAIR 

Many of the single-strand breaks introduced by X irradiation are 
repaired very rapidly with a half-life of a few seconds, as in the 
joining of newly synthestedOkazaki fragments Into longer DNA 
molecules (27> 28). Thus, when there is no intrinsic block to 
joining, repair of single-strand breaks is very rapid and is carried 
out by DNA polymerase I and DNA llgase, Most breaks made by 
X rays are more complex and may even be formed indirectly as a 
consequence of chemical or enzymatic conversion of other radia- 
tion products. Several of the most common single-strand breaks 
inferred to be present after irradiation have been studied in a 
4>X174 replicative-form transfecting DNA model system (35). 
iWtable nicks with 3' rvydroxyi and 5' phosphate texmini were 
not lethal. Other breaks were made from substrates with thymine 
glycols, urea residues, or abasic (AP) site* by treatment with 
endonuclease in to generate a single-strand nick with a 3' a,p- 
unsaturated aldehyde (4-hydroxy-2-r*ntenal). Single-strand 
breaks with a 5' deoxyribose or a 5' deoxyribosylurea were made 
by rratingthe AP or urea substrates with endonuclease IV. These 
enzyme-generated breaks had mactivation efficiencies of a 12 to 
0.14> which is similar to the inactivarion of die damaged mole- 
cules without the enzyme treatment. 

MISMATCH REPAIR 

Mismatch repair is the mechanism that processes mismatches in 
which two undamaged normal bases that cannot form the classic 
Watson-Crick base pairs are present in the complementary 
strands. The most frequent origin of such mispairs is the incor- 
rect insertion of nucleotides by polymerases during replication. 
In the case of mispairs, the cell feces the dilemma of having an 
undamaged normal base in each strand and requires a mecha- 
nism to distinguish the "right" one from the "wrong" one. In 
order to make this discrimination, the cdl uses differential 
mediation of *e two st™^ 



by the Dam methylase subsequent to replication at a rate that 
ensures that most or all sites are methylated by the time the next 
repttcation occurs butis dowe 

of sites are only henumethylated shortly after replication (Le>, 
only the old template strand is methylated) (19* 54; also see 
chapter 53 of this volume). 

The cells simultaneously detect tbe presence of a mismatch 
and ^ hemuTiethylated site through a complex dual sensing 
mechanism that requires the products of four genes: mutH 
mutL, mut$, and uvrD (alternately named mvtU, whose gene 
product UvrD is also known to be Udicase II). The first step is 
the detection of a mismatch through the binding of MutS to the 
mismatch. MutL then binds and in some way activates MutH 
endonuclease activity! which interacts withhemimethylated sites 
to cut the unmethybted strand at the GATC site. Unidirectional 
exonucleoJytic degradation from the cut toward and past the 
mismatch results in preferential removal of the mismatched 
nucleotide from the undermethylated (Lc, the newly replicated) 
strand. The specific enzymes partidpating in this exonucleolyric 
degradation depend on the orientation of the cleaved GATC site 
relative to the mismatch. When the cut at the GATC site is on the 
5' side of the mismatch, exonudease VII or Reel provides the 
eionuclease function; in the other case, when the cut at the 
GATC site is 3' to the iwsmatch, eaonuclease 1 does the diges- 
tion. In either case, the degraded strand (which may be as long 
as several kaobases) is replaced by using DNA polymerase III 
holoenzyme and singie-strand binding protein, with repair be- 
ing completed by ligation of the resulting nick by DNA Ugase. 
This mechanism ensures that the iiuormarion retained at the 
site of a mismatch will be that of the old original strand and that 
the incorrect nucleotide inserted at replication will be the one 
removed, thus inaintaining the correct DNA sequence (Fi&. 3). 

MutS and MutL proteins also reduce recombination between 
related PNAs that are not mctly homologous, and they account 
for much of the barrier to genetic exchange between related 
oi^ariisrns such as R coli and SdnwteSn spp. This phenomenon has 
been studied in a cell-free system with purified components, in- 
cluding MutS, MutL, and RecA, where it was demonstrated mat 
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Mechanism of methyl-directed mismatch repair (adapted from references 19 and 54). 



MutS and MutL greatly reduce the strand exchange ^f" 
molecules with several percent mismatches but do not mhibit 
the exchange of completely homologous DMAs. Pnsuinably. the 
binding of MutS and MutL to mismatAes effectively blocks the 
orderly exchange of strands by RecA (68, 129). 

VSP REPAIR 

VSP (very short patch) repair (Fig. 4) operates on the specific 
sequences -CC(A/T)GG-, in which the second cytosine is methyl- 
ated at position 5 by Dcm (42). When 5-McCs are deammatcd. 
they are converted to thymine. Consequently, they are not recog- 
nized by uracil glycosylate, the enzyme that recognizes and re- 
moves uracils that are formed during deainination of normal 
unmethylated cytosine. The VSP system specifically r«ogru»s 
tnvmme-guanine mismatches in the sequence contest that is the 
substrate for methyiation of C by the Dcm methylase and then 
repairs the thynune-containing strand by a combination of Vsr 
endonucleasetthevwgene product), repair synthesis, andligaton 
that results in a replacement patch of only sevml nucleotides, 
accounting for the term "very short patch repair. TheVsrmicle- 
ase provides the specificity in this reaction, causing incision only 
on the 5' side of the Tin the thymine strand of the thymine-gua- 
nine mismatch and thus avoiding mutations caused at this ate 
rromthedeamuiationof5-MeC(24, 42; see also chapter 53 in this 

volume). 

NUCLEOTIDE EXCISION REPAIR 
UvrABC 

The nucleotide ewsskm repair process initiated by the UvrABC 
nuclease operates on a variety of diverse DNA lesions, particularly 
those that are large and bulky and cause sigrrifieant distortions^ 
DNA The advantage m the cell of this system is that whue other 
systems depend on specific recognition of a particular lesion or type 
of damage, the UvrABC excimidease removes many different dam- 
aats with widdy different chemical and structural p»f»toes,r«e- 

lu^ryW^si^s^d^^^ 0 ^ 51 ^^*? 
by making specific protein-lesion contacts. Consequently, the single 

UvrABC system works on many types of damage, eventhoMto 
which the cell may never have had any previous exposure (9, 64, 79, 
99). 



AGG 
GGTCC 

CTAGG 
GGTCC 

vsp J 

CCAGG 
GGT£C 

Don | 

® 

CCAGG 
GGTCC 

FIGURE 4 VSP repair of mismatches resulting &om the conver- 
sion of 5.MeC to T by deaminadon. ThU i» a jpedalked repair 
process that occurs in sequences where cytosine is methylated be- 
cause of its presence in the Dcm recognition sequence. (Domina- 
tion of cytokines in other sequence* converts them to U the 
substrate for uracil glyeosvbse.) The spectffcity is proved by the 
Vsr nuclease, which makes a strand-specific cut immediately 5 to 
the T in the TG mismatch (24, 42; aee text for details; also see 
chapter 53 in this volume). 
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The UvrABC complex makes a double incision on the strand 
with the lesion. One incision is 3 to 4 nucleotides (nt) on the 3 side, 
and the other is 7 nt on die 5" side, a site far enough removed horn 
the actual lesion that the incisions are located in the PNA duplex at 
places that are little altered by the lesion's presence (79, W2).WWe 
these flanking incisions are normally tightly coupled together, fa- 
ther analysis has demonstrated that the UvrABC reaction is a corn- 
plot cascade of sequential reactions. The overall reaction requires 
ATP, and much is now known about individual steps that require 
ATP binding and/or hydrolysis, although interpretation is compli- 
cated by the feet that UvtA has multiple nudeotide-binding motifs 
and UvrB has only one ( 17, 2 1 , 78, 80). 

UvtA dimerizes to form a UvrAi dimer, which then interacts 
with UvrBtoformaUvrAdJ complex. UvrAbyitsdfras affinity for 
PNA. but UvrB does not bind to DNA unless UvtA is present. 
UvrA has the ability to interact specifically, and footprints at dam- 
agpd sites areobserved with UvrAalone(6, 58, 120).However, tight, 
stable complexes with damaged DNA are formed only when both 
UvrA and UvrB are present Interaction with UvtC then occurs, and 
the dual incision takes place Studies by Shietal. (104) indicate that 
in the stable complex formed in the presence of UvrA andUvrB, the 
DNA is sharpty bent, and UvrA is probably no longer present In this 
complex, UvrB must be in very dose proximity to the damaged sue, 
because when a psoralen monoadduet is used as the substrate, sub- 
sequent exposure to near-UV light causes the psoralen monoad- 
duct to be photo-cross-linked to the UvrB protein The dual 
incisions require both UvrB and UvrC and are normally tightly 
coupled. Through the use of site-spedfic mutants in uvrB and uvrC, 
it has now been conduded that the first incision occurs on the 3' 
side of the lesion and uses a catalytic site in UvrB, while the second 
indsicm, on the 5' side, utilizes a catalytic site in UvrC (43, 44), 

The role of ATP binding and hydrolysis is complex, because 
UvrA has multiple nudeotide-binding domains, while UvrB has a 
cryptic ATPase activity that is associated with a limited helicase 
activity of the UvrAjB complex (21, 62). Seeky and Grossman (94, 
95) observed that site-spedfic mutagenesis of the nudeotide-bind- 
ing site in uvrB simultaneously inactivates the hdicase activity and 
prevents the formation of tight specific preinitiation complexes 
with damaged DNA but does not affect formation of the UvrAjB 
complex and its binding to undamaged DNA, Although it has been 
suggested that this helicase activity may be involved in translocation 
of the UvrAjB complex along undamaged DNA searching for U- 
sions(21,62),other studies (I. Gordienko and W.D. Hupp, unpub- 
lished data) show that die helicase activity is very limited in the 
length of oligonucleotide that can be released. This activity may 
thus be a very localized action in which the complex is flexing and 
probing the DNA to determine whether there is a lesion present and 
then, if there is, to correctly assemble the components in prepara- 
tion for incision. The localized bending and unwinding of DNA 
associated with locating the lesion and precisely loading UvrB may 
account for the observed separation of positive and negative do- 
mains when UvrA and UvrB art on supercoiled DNA (33). 

How Does UvrABC Recognite a Substrate? 
Although it is dear that many repair enzymes such as the slkyl- 
transferases. DNAphotolyase.and the DNAglyeosylases "recog- 
niie" their substrates by interacting with them in highly spedfie 
protein-lesion contacts, the variety of lesions recognized by the 
UvrABC system requires a much different process. Although the 
UvrABC system is the only system forremovingavarietyofbulky 



DNA adducts. other types of damage that are handled by some 
of the other more specific systems can also be removed by 
UvrABC, and it hasbeen suggested that UvrABC actually repairs 
everything" (78). Since a static interaction of protein with sub- 
strate seems inadequate to account for the wide variety of sub- 
strates utilized by UvrABC it was suggested that recognition of 
lesions mightrequire amore active processin which UvrAB flexes 
and distorts DNA while looking for an atypical response, much 
as a phyndan flexes an injured limb while checking on its range 
of motion (65). The results showing the extreme bending of DNA 
in the UvrB complex are consistent with this expectation (104). 
Snowden and Van Houten observed (106, 120) that the forma- 
lion of the stable UvtAB complex at adaroaged riteis thelimiting 
step tor incision. However, with a psoralen DNA cross-link (58) 
and with cisplatin DNA adducts (124). other steps Pterin the 
reaction sequence can be rate limiting for incision, A model for 
the overall reaction cascade is presented in Fig. 5. The overall 
specificity and selection for substrates are determined by the net 
contribution of all the various individual steps, not by one angle 
highly selective reaction. This can account for the high selectivity 
of the overall process, which is greater man the selectivity at any 
onespccuficstqHpresumabr/becausedm^miparametersofthe 

structure can be tested at different stages. For example, die pa- 
rameter being tested at the first step might be the presence of a 
"weak* place in the hdht that allow* the hdbc to be bent or 
deformed at a particular site. Subsequent steps involving the 

UvrAB F°hing rf a limited n ^ oa ffien P 10 ^ 1 
rt!ototiontesttodeterrnirKwhethCT*ereac^ 

a lesion that can be converted into a complex suitable for incision. 
For example, after comparing results for model substrates contain- 
ing a bulky lesion (AAF) that is a particularly good substrate for 
incision with results for a substrate containing a mismatch mat a 
incised very inMuenty if atall,Gor<lie^ 
data) suggested thatwhfebomsubstrates cantrip 
by UvrAA the reaction cascade with the AAF substrate proceeds 
wdl, while the reaction with the mismatch is usually aborted and 
only rarely proc^stosuccessfU tocisioam monoad- 
duet, the cascade proceeds through indsfon; with a psoralen cross- 
Knk,as^ stable ccrniplexUfotmedmtheprcMna of UvrA aM 

UvrB; and in the presence of UviC incision was inefficient in relaxed 
DNAbutrapidwhenmeDrttv^negativelysupercoiled (58).Visse 
et aL (122-124) also noted with cisplatin adducts that there were 
rare-limiting steps after me formation of the UvrB complex at the 
damaged site. Some modd substrates may mimic intermediates in 
the overall process. Substrates with bubbles offer preferential sites 
for the attachment of UvrAB to duplexDNA (Gordienko and Rupp, 
unpublished data), and structures with no damage and 5' single- 
strand extensioiisresuhtacutlmgDesr^^ 
appears to mimic that involved in cutting on the 5' nde of lesions, 
which cannot normally be studied, became it occurs in a concerted 
reaction following the initial cut on the 3' side ofa lesion (71). 

Mfd and Preferential Repair of the Transcribed Strand by 
UvrABC 

Mellon and Hanawalt (51) demonstrated that transcription of a 
gene increases the repair of the transcribed strand. Sdby et A 
(98) showed that this enhanced repair is due to the product of 
them/dgene, which isinvolvedin the phenomenon of "mutation 
frequency decline" ( 126). The doning of mfdmi the study of its 
gene product in purified systems have produced a general under- 
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FIGURE 5 Nucleotide excision rcpaln UvrABC mtdianism. 



standingofwhat happens atlesions in the transcribed str^dtbat 
block RNA polymerase (96, 97). MH protein int^u directly 
with RNA polymerase stalled at lesions In the transcribed strand 
todipUce^Wpolyn^MMalsohas^tytolMAsnd 

recruits UvrA to the damaged site, and UvrA in tumintaacBWith 
UvtB,lTOdingittofonnapremcisionwmplathatatomteraction 

with UvrC results in the removal of the blocking lesion. 

REGULATORY CONTROL OF DNA REPAIR GENES 

Inducible Error-Prone (SOS) Repair 

SOS repair depends on umuCD genes to bypass damage and is 

discussed in chapters 89 and 118 in this volume. Other repa* 

genes are also under the control of the LexA repressor, which is 

Inactivated by self-proteolysis thai is stimulated by 

with RecA bound to single-stranded DNA generated during 

replication of damaged DNA ( 17, 87). 

Ada and the Adaptive Response 

Ada. the 39-kDa product of the ada gene, is an impor tant gene 
regulator in addition to having a direct role as a methyl acceptor 
duringDNA repair (1. 89, 118). As pointed out before, Ada has 



two separate mcthyl-accepdng domains: the N-tennmal domain 
of (he protein accepts methyls from roeAyl-plw»pbotnester« in 
DNA. while the Cterminal domain contains the site that tecew» 
the methyls transferred from the alkylated DNA bases tf-MeG 
andO^-MetllieN^ermmaldoniamofAdaisnowknownwbe 

the part of the protein most important for the regulatory activity 
in modifying transcription (Fig. 6). When the N-termmal do- 
main of Ada is methylated as a consequence of its methylteans- 
feiase activity acting on DNA phnsphotriesters, Ada becomes a 
transcriptional activator for its own gene ad* and for the 
aifcA gene, which codes for the synthesis of 3-M*A DNA glycos- 
ylate II. The methylated Ada protein binds to a regulatory se- 
quence, designated the Ada box. that precedes the regulated 
genes. (Ada protein that is not methylated at Cys-69 in ite 
N-teiminal domain binds much less strongly to the Ada box.) 
Interaction of the bound Ada with RNA polymerase increases 
transcriptionof the Rene^iuincreasmgthesyritheasof thegene 
products Ada and AlkA.Hus mechanism explains the induction 
of these genes after then exposure to methylating agents. How- 
ever, there is a conceptual problem in a mechanism for turning 
off the induction, because the Ada transmethyUse activity is not 
catalytic but instead « a unidirectional "suicidal proass m 
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FIGURE 6 Methylaiion of Ada and regulation of transcription. 

Methyl groups from DNA are transferrcd * eithcr °^ 69 or Cys " 
321 of the Ada protein. The OmpT protease cleaves Ada, but this 
reaction is not believed to be physiologically relevant, although it 
has been useful in studying the mechanism by which methyiation of 
Ada converts Ada to a transcriptional activator (see text for details). 

which the protein thatreceives a methyl group apparently retains 
that methyl group indefinitely and would thus be expected to 
continue stimulating expression even when all methyl lesions are 
removed from the DNA. An observation of a cellular protease 
activity that cleaves Ada near the middle seemed to provide a 
possible solution to this regulatory challenge (1). The protease 
cleavage generates two similarly sized fragments of Ada: a 20-kDa 
fragment from the N-ierminal end and a 19-kDa fragment from 
the C terminus. The methylated N-terminal 20-kDa fragment 
still binds to Ada boxes, but when the fragment is bound to the 
regulatory region of the ada gene, it does not activate transcrip- 
tion but actually interferes with the activation observed with the 
intact }9-kDa Ada methylated in its N-terminal domain. Protease 
cleavage of the methylated Ada thus might explain howsyntbesis 
of Ada is turned off when repair of methylated DNA is complete 
and Ada is no longer needed However, subsequent studies showed 
that the cleavage of Ada is due to OmpT, a protease found in the 
outer membrane (88). Since Intracellular Ada is not accessible to 
OmpT, OmpT does not provide a physiological route for turning 
off the expression of those genes activated by methylated Ada. 

An alternate possibility for a regulatory loop comes from 
recent studies by Saget and Walker (75). Their experiments con- 
firm that the methyiation of Cys-69 in the N-terminal region of 
Ada by methyl transfer from a DNA methyl phosphotriester is 
the critical step in generating the transcription activator for 
binding to the Ada box in the odtf promoter. However, their 
results indicate that Ada that is not methylated at Cys-69 does 
bind weakly to the Ada box and that at concentrations that are 
physiologically significant, such Ada interferes with the tran- 
scriptional activation of the ada gene- Thus, in this scenario, 
large quantities of unmethyiated Ada could turn off the contin- 
ued synthesis of itseit even though methylated Ada remained in 
the cell 

The regulation of the alkA gene by Ada differs in some details 
but resembles the regulation of ada hi that methylated Ada is a 



uanscriptional activator (103). For example, the methylated 20- 
kDa N-terrninal product of Ada acts as a transcriptional activa- 
tor for olfcA but not ada. Presumably the exact positioning of 
the activator at the Ada box and its specific contacts with RNA 
polymerase are very sensitive to slight differences in the pro- 
moter sequences and can thus result in significant differences in 
its activation of the two genes. The functional consequences of 
these differences are not yet fully understood or appreciated. 

POyTREPUCATION (RECOMBINATIONAL) REPAIR 
The properties of mutants that are recombination defective dem- 
onstrate that E. coli has other mechanisms in addition to nucleo- 
tide excision repair that significantly enhance the survival of cells 
exposed to UV irradiation. More than 1,000 cydobutanepyrimi- 
dine dimers per bacterial chromosome are required to kill a 
wild-type cell, while only about 50 doners are required to kill an 
excision-deficient celL In contrast, a uvrA recA double mutant 
defective in both excision repair and recombination is killed by 
about one lesion per chromosome (17, 25), Early work*begun in 
the 1960s, was designed to find out how exdsion-defectrve strains 
of B, coli were able to survive with many lesions in their DNA 
Studies of the properties of DNA synthesized in UV-irradiated 
excision-defective £ coli led to the formulation of a model for 
recombinational repair (26, 72, 73), which was summarized in a 
review by the Sancars (with the assistance ofPaul Howard-Flanders) 
(80) as follows. 

When the polymerase encounters certain nucleotide 
adducts, such as pyrimidine dimers, it stops replicating 
and reinitiates about 1000 bp beyond the adduct, thus 
generating a single-stranded gap that contains a modified 
nucleotide. This d^scontinuiry or postreplication gap is 
filled in by the RecA protein, which transfers the comple- 
mentary strand from the sister duplex into the gap. This 
model, which was formulated for £ coli two decades ago 
remains essentially unchanged. 

In this section, the focus is on events that occur at a replicat- 
ing fork when a blocking lesion is present in the template DNA, 
because those structures initially generated during replication 
play a key role in repair, mutagenesis, and SOS induction. Many 
recent studies have led to impressive advances in our under- 
standing of details of the enzymology of DNA repucarion that 
could not even have been imagined when the early whole-cell 
studies were done (34, 70). Of particular mechanistic interest is 
the ease in which the lesion is on the strand being used as the 
template for synthesis of the leading strand, Inrorrnarion that 
may be relevant to this situation has been compiled from a 
variety of sources, including studies with whole cells and with 
purified enzyme systems. 

Much work has been invested in understanding recombina- 
tional mechanisms, but they are not considered here except to 
point out chapter 119 in this volume. The emphasis here is on 
results that are relevant to the structures that are likely to be 
generated at the replication fork of £ coli when polymerase- 
blocking lesions remain in the template strands. 

Replication Generates Daughter Strand Gaps 
From sedimentadon of newly synthesized DNA through alkaline 
sucrose gradients, it was estimated that the lengths of the new 
strands were similar to the distances between pyrimidine dimers 
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in the template strands (72). Prom the amount of radroacuvity 
incorporated, it was calculated that the numberof pieces synthe- 
sized was much larger than the number of active growing forks. 
Using the straightforward assumption that these piece* were 
generated at preexisting active forks, it followed that replicating 
forks had proceeded past many lesions in the template strands. 
The accuracy of the molecular weight estimates obtained from 
the distribution of radioactivity in alkaline sucrose gradients can 
legitimately be questioned. (In fact, after the relation between 
counts, sedimentation velocity, and number- or weight-average 
molecular weights had been derived, it was a surprise to find th* 
meexperimentaUyditonwedsiiesofu^newlyn^catedDNA 

agreed as wdl as they did with the number of lesions in the 
template strands and with the theoretically calculated curve. This 
agreememisprobablyaconsequenceof the labeling 
10 min. WhereasOkazaki fragments are joined with a half-lift ot 
a few seconds, these fragments synthesized in Unirradiated cells 
are joined with ahalf-life of about 15 to 20min.) Although there 
may be some error in the experimentally determined sizes of 
these fragments, the error is almost certainly substantially less 
than a factor of 2. Even more significant, there was no indication 
of the bimodal distribution that would result from the presence 
of two discrete molecular weight populations, which wouM be 
expected if one strand were synthesized continuously and the 
other strand were synthesized in small pieces. While this result 
argues strongly against the continuous synthesis of either strand, 
it does not rule out the possibility that direct bypass synthesis 
might occur at a low frequency (<10%). (Other investigators 
have sometimes observed various extents of a small, second, 
faster-sedimenting peak or shoulder in the newly synthesized 
DNA. but this peak is roost likely due to early repair rather than 
to continuous bypass. This faster-sedimenting shoulder is not 
seenin«cAmutantcells[l05].TheexperimenuofGanesanllH| 

dearly demonstrated that the f^-sedimentingsho»1derof newly 
synthesized DNA contains material formed by recombinahonal 
exchanges with the parental strand and is therefore not likely to 
be due to de novo synthesis of a continuous new strand.) 

Inhibition of DNA Synthesis by UV Irradiation: Inhibition 
Is Not Equivalent to a Stalled Replication Fork 
Although the usuaJ plots, particularly in wild-type repair-profi- 
cient cells, can give the impression that DNA synthesis comes to 
a rapid and complete stop after UV irradiation, closer analysis 
shows that this is not the case. Inhibition of DNA synthesis is a 
continuous functionofUVeiposure(72,n3).Under conditions 
in which incorporation continues at low levels for minutes or 
cvenhours,ucan readily be calculated that every replication fort 
advancing through duplex DNA at the normal rate of 1,000 bpfc 
will contact a template strand lesion within a few seconds. These 
results are not explained satisfactorily by models in which a 
replication fork is proceeding at a normal rate until it readies a 
lesion (either the first lesion or a particular subset oflcsions) and 
then comes to a complete stop, but are more consistent with a 
model in which replication forks are slowed but not stopped. 
Although the analysis is complicated by DNA breakdown (25), 
DNA synthesis in uvrA recA cells also continues past many le- 
sions. (To appreciate the extent of the breakdown problem, it can 
be seen from Fig. 5 of Smith and Meun [lOSl and Fig. 2 of 
Sedgwick [91} that more than 75% of the labd incorporated 
during the first 10 min after irradiation of nvrA recA cells is tost 



during subsequent incubation for 50 to 70 min.) It is thus clear 
that in uvrA recA cells, a simple measure of the mcoiporationof 
label into DMA significantly underestimates the actual extent of 
synthesis, because of concurrent breakdown. My inteypretatwn 
of these result* is that the primary problem in recA cells is notin 
gating the replication complex to pass template strand toions 
but in the subsequent processing of those structures that are 
present as a consequence of the replication fork having already 
passed a significant number of lesions. 

Newly Synthesized DNA in UV-lrradiated Cells Is 
Associated with Single-Stranded Regions 
In order to search for andquantitate sngk-stranded regions asso- 
. .... . v r ....j rojA a minim, tnMfiod that seDaraied 



DNA molecules as a function of the degree of single slranaedress 
was developed This method was used to estimate mat the DNA 
synmesizedslwrtlyafterllVirradiatta 
that corresponded roughly to the size of an Okauki fragment for 
each lesion in the template strand (26). to addition, the* data also 
showed mat the interruptions in the newly synthesized strands 
observed previously in alkaline sucrose gradients by Rupp and 
Howard-Flanders (72) weredue to gaps ratherdwn tocrvpticlesions 
that ted to alkaline-induced strand breaks. 

The date from Iyer and Rupp (26) can also be used to esti- 
mate the amount of single-stranded DNA at each replication 
fork, an interesting calculation that was not done in the original 
paper. Iyer and Rupp (26) estimated that the DNA synthesized 
in the first 10 min after UV irradiation was 5.0% amgle stranded 
with a UV dose that reduced the DNA synthesis level to 25% of 
that of the control (72). The normal £ (*K replication fork 
moves at about 1,000 bp/s at 37*C From these numbers, it 
follows that about 9,000 bases of single-stranded DNA are gen- 
erated at each replicating fork in the first 10 min after irradia- 
tion. This should not he considered a precise measurement, 
because the column method is rather crude, and dunon of the 
experimental sample from the column wis more heterogeneous 
than elution of the standard. However, the experimental design 
used in this procedure systematically underestimates die 
amount of single-stranded DNA, because the labd is m the 
newly synthesized strand while the single-stranded base* are 
expected in the template strand Intentional shearing to produce 
a ,ize comparable to that of the standard certainly broke off any 
long single-stranded tails, which would not then be scored by 
this method, because the single-stranded fragments would no 
longer be associated with the labd in the newly synthesized 
strands. (Johnson and McNeill (29] in fact observed very long 
single-stranded regions in UV-ittadiated cells.) Thus, the actual 
amount of single-stranded DNA might well be considerably 
greater than the 9,000 nt calculated above. 

How does this amount of single-atranded DNA relate to the 
moimtoftneE mKDNA-binding protein SSB present in a cell? 
The generally accepted view is that the amount of single- 
stranded DNA in a cell under normal conditions is quite small 
and that the amount of SSB exceeds this amount by a consider- 
able margin, so that any single-stranded DNA is rapidly coated 
by SSB. According to Romberg and Baker (34), there are about 
270 SSB monomers per replication fork, which are sufficient to 
cover about 2,000 to 4,000 nt of single-atranded DNA In their 
review, Chase and Williams (12) stated that the SSB m a cell 
covers an average of about 1,400 nt per replication fork Since 
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the level of SSB is apparently not increased significantly after UV 
irradiation (63, 121), this calculation show that in a Unirradi- 
ated cell, the amount of single-stranded DNA generated at a 
replication fork won exceeds fee amount that can be coated by 
SSB. This exposed single-stranded DNA is highly significant in 
several respects. It will certainly be a site for binding of RecA 
protein, leading to strand exchange and activation of SOS re- 
sponses through cleavage of the iexA repressor (87). Another 
highly significant property of single-stranded DNA lacking SSB 
is that it allows several modes of primer formation by the DnaG 
primase to occur that are prevented when single-stranded DNA 
is coated with SSB (34). Such primer formation may play a role 
in the cycling of polymerase III holoenzyme to new primed sites 
beyond a blocking lesion on the leading strand template, as 
discussed in more detail below. 

What Is the Effect of Porymerase-Bloddng Lesions at the 
Replicating Fork in UV- Irradiated Cells? 
In attempting to understand events in irradiated cells, we briefly 
consider several features of replication in unirradiated ceUs. (This 
topic is considered in detail in chapter 50 in this volume.) 

Coupling of DnaB Helicase and Polymerase III Holoenzyme at 
the Replication Pork. A key element of current DNA replication 
models is that a replication fork moves in one direction and uses 
DNA polymerases that have a unique polarity of synthesis (5' to 
V for the new strand) to achieve duplication of two DNA strands 
with differing polarities. Though one strand (the leading strand) 
can be synthesized continuously in the same direction as fork 
movement, the other strand (the lagging strand) is synthesized 
discontinuously in many segments (Okazaki fragments), with 
the individual pieces being generated in a direction opposite to 
the direction of overall movement of the fork. Mechaiiisticaliy, 
the cell presumably accomplishes this with a repiicative poly- 
merase 111 holoenzyme that acts processively while remaining at- 
tached to one side of theforktosynmesize theleading continuous 
strand, while the discontinuous synthesis of the lagging strand is 
accomplished by a polymerase III holoenzyme that must repeat- 
edly cycle on and off its template strand, A dimeric polymerase 
III holoenzyme might be able to accomplish synthesis of both the 
leading and the lagging strands concurrency (11,34,48, 49), 

It is clear that a replication fork is much more complex than 
just a polymerase copying template strands. The DnaB helicase 
is a key player in the formation and propagation of replication 
forks (3, 4, 38, 47, 70, 125). The insertion of me DnaB helicase in 
a double-stranded DNA at the replication origin is a keystone 
event in forming a replication fork to start a round of replica- 
tion. Once DnaB is inserted into the DNA, it apparently remains 
at the front of the replication fork until the replication of that 
replicon is finished Mok and Marians (55) developed an in vitio 
replication system for rolling-circle molecules and demon- 
strated a very high rate of fork movement that required poly- 
merase III holoenzyme plus helicase activity from either DnaB 
or the preprimosomal proteins (a primosome without DnaG 
primase). In this system, the helicase and polymerase III holoen- 
zyme were extremely p recessive (>50»000 nt), with a fork mov- 
ing at a rate similar to the in vivo rate. In this coupled system, the 
fork was moving at a rate faster than the helicase by itself is 
known to separate strands. (Although this result might suggest 
specific protein-protein interactions between DnaB and the po- 
lymerase III holoenzyme, the fact that the polymerase in 



holoenzyme^ rate of polymerization on a primed single- 
stranded DNA template exceeds the rate at which the DnaB 
helicase can move through dupbt DNA to separate the strands 
could be sufficient to inaintain intimate contact between DnaB 
and the holoenzyme at the replicating fork and perhaps to even 
"push" the helicase so that it separates strands faster in the 
coupled situation than when acting by itselt) Under normal 
conditions, in which leading-strand dongeuion is coupled with 
helicase movement at the fork, the template for leading-strand 
extension is copied so efficiently that no single-stranded DNA 
between DnaB and polymerase in interacts with SSB, either 
because this DNA is too short or because it is protected by 
proteins in the replication complex or both. 
EfredofDNA lesions on Arxivh^ Oh and Gross- 

roan (62) reported that DnaB helicase activity is little affected by 
UV irradiation of the substrate. As an extension of this observa- 
tion, a DnaB helicase substrate was constructed to mimic the 
situation in which a bulky lesion is present in the template for 
leading-strand synthesis. With this construct, there was no inhi- 
bition of the DnaB helicase activity (Fig. 7). Extrapolating these 
results to a replicating fork, I suggest that the DnaB helicase in 
arepUcationcomplexatafork will not be blockedbylesions such 

as pyrimidine dimers in the duplex DNA and can continue to 
move along and separate the two strands even though they 
contain lesions that block polymerase III holoenzyme. 
Cycling of Polymerase mHolc*nzyme. During replication of 
L coli, the polymerase III holoenzyme must cycle to the next 
Okazaki fragment every second or two ( 1 0, 34, 1 10) . In contrast, 
although the purified enzyme rapidly and processivery replicates 
a primed singla-stranded-DNA « veral minutes are re- 
quired to cycle to the next primed ringle-stranded-DNA circle, 
O'Donnell and his colleagues (61, 109. U0) studied this process 
and demonstrated that the cycling time can be reduced to 10 s 
when the primed acceptor singfe-stranded DNA has an appro- 
priate preinitiation complex that comprises a subassembly of the 
polymerase III holoenzyme. The preinitiation complex is a "pro- 
tein clamp on primed ssDNA formed by the accessory protein P 
and the five-protein y complex (tfffxV)* & ™* concluded 
that the 7 complex acts catafytically in fonning a [1 damp on the 
primed template(61, 109, 110).Thecydmgtakespkc«onlywheo 
a fragmenthas been completed, and cycling is thought to proceed 
through a bimoleculax reaction in which part of the holoenzyme 
is transferred directly from the completed molecule to the subas- 
sembly on the acceptor molecule to form an active replication 
complex on the acceptor, This mode of facilitated transfer with- 
out dissociation from the completed fragment is of obvious value 
for repetitive synthesis of the lagging-strand Okazaki fragments. 
We expect that these cycling reactions play a central role in the 
processing of the newly synthesized fragments in UV-damaged 
cells. 

In an earlier study of UV-irradiatedDNA, Shavitt and Livneh 
(100, 101) studied the cycling of polymerase III holoenzyme. 
Their results showed that cycling from one molecule to another 
is slowed by UV irradiation but that increasing the amount of 
the p subunit (known to be part of the Reinitiation complex) 
decreases the cycling time, presumably by fccilitating the disso- 
ciation of the polymerase m holoenzyme from locations where 
it was stalled at a phoioproduct In these experiments, cycling 
times were in rninutes rather than seconds, presumably because 
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DnaG primase interacts with DnaB helicase at the fo rk to syn- 
thesize primers for *e lagging strand- These irrimed «*" .« 
thenusedbypolymeTBseinh 0 loeniymetoBcnerat«Acla»ng' 
strand segments that are subsequently joined together to form 
an intact tagging strand. The polymerase in holoeiuyme cydes 
efficiently from one primed site to enduring *" 
AlihougnDnaGpriinaKtoteraittw^ 
this interaction seem* to be transient, since the reaewn of DnaG 
primase is apparently distributive rather man proeessive (49). 
l^ononUgghig-SrmndTempUteetto^^ 
lesion on the lagging-strand template at me replication fork » 
similar to that occurring during synthesis of the lagging strand 

toReneraUaprunedsiteforpolymerasemholoenzyme.lnstead 
ofcompleu^awknese^ 

ably stop .t the lesion, but from here it can be recycled to the 
nertprimedsiteon the fcg^-straiidtempkte This gap, wfcch 
extends from the lesion to the S' end of the «* 
single stranded and presumably accounts for a agrufcant amount 
of die single-stranded DNA generated in UV-irradiated cells. 

l^onLeaoing-StrendTen^ 

replication complex runs into a lesion on the leading-slrana. 
template, the resulting structure will be quite different from the 
normal undamaged case. The DnaB helicase wdl presumably 
contmue separating strands and will proceed right on past the 
lesion. However, the situation with the polymerase 111 hotoen- 
zvme will differ, in that meholoaaymewmstaUwhenit reaches 
the lesion in the template strand, thus uncouplmg leadmg- 
strand synthesis from the beliease movement at the fork. Tins 
abnormal situation with the polymerase 10 hotoenzyme stalled 
at the lesion while the DnaB hdkase at the fork continues 
separating the two strands will generate a stretch of single- 
stranded DNA extending from the lesion on the toding-sirand 
template where the polymerase III hotoenzyme is stalled to the 
Slowly advancing DnaB helicaae at the fork (Fig. 7 and 8). 

Uncoupling of DnaB Hdicase and Polymerase 111 Hotoenzyme 
_ . - . j n_i . rvHiwnn I«u1 ins Strand. The con- 



lUmtsa 



FIGURE 7 Uncoupling of DnaB hdicase and polymerase III at a 
S the DNA 7Zd coding te qmfe* <rf ^™ 
strand. (Top) Model for replication fork with polymerase HI and 
SS hllSe at the replicating fork apptoadung a bulky leam. 
Polymerase HI is blotted at the lesion, but the hdicasc continues 
pJThe lesion. (Center) Modd substrate for DnaB construed 
with the AAP bulky lesian to mimic the structure W *™™ 
witheutpolvn*raseIlL(Bo.to^^ 
oligonudeotide does not prevent release of ^ 
ThU findingis consistent whn the Suggestion that DnaB Unseat 
the replicating fork might proceed past bulky lesions in the Strand 
that serves as template for synthesis of the continuous strand. 



these studies did not generate in advance the prtformed prem- 
iriation complexes on the acceptor single-stranded DNA mole- 
cules that are necessary for the very fast cycling observed by 
StudwdUtaL(UO). 

lagring-Strand Synthesis. During the disamtinuous synthesis 
of the lagging strand on a normal undamaged template, the 



tinuous synthesis of the leading strand is a general accepted 
central tenet of current replication fork models. Thus, the re- 
quirement in our interpretation that the leading strand must 
frequendy be restarted seems bizarre- However, to considering 
known reactions of relevant enzymes, this possibility becomes 
credible. The first step in the process must be a pnmitigevent. 
The first and most efficient possibility, if it occurs, is a DnaB- 
DnaG priming event at the fork that is analogous tothe pf uning 
of the lagging-strand fragments. In the coupled situation, aU 
the priming events are on the lagging-strand template, to the 
uncoupled situation, frequent priming events do occur, but u 
has not been determined whether these are exduSiwly on the 
lagging-strand template or whether they also take place on the 
leading-strand template (3. 4). In the coupled situation, the 
exdusWe synthesis of primer* on the Ugging^trand template 
may be explained simply by differences in the accessibility ot the 
two atrands when they are first separatedby the advancing Dn^B 
hdicase. The leading-strand template is copied effiaemly by 
polymerase III hotoenzyme before it is accessible to SSB. so « is 
not surprising that theDnaG primase could not use n for primer 
formation. However, when elongation of the leading strand is 
interrupted by a photoproduct at which polymmse fll is 
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FIGURE a Model for restart of the leading strand when a replica- 
tion fork reaches a polymcrase-blockirig lesion. 

stopped, the separated strands formed by the uncoupled advanc- 
ing DnaB helicase might well become a substrate for DnaG pri- 
mase pruning on the template for the leading strand as well as for 
the lagging strand, This is only one of the hypothetical possibili- 
ties, and other priming reactions might come into play during 
uncoupled conditions either instead of or in addition co direct 
interaction of DnaG with DnaB helicase at the fork. One possi- 
bilitythat is normally consideredtobcphysiolo^cally irrelevant, 
the general pruning reaction (34), should be mentioned, because 
as pointed out in the calculation in a previous section, the quan- 
tity of single-stranded DNA generated soon after UV irradiation 
might be greater than can be coated by SSB. Thus, while the 
general priming reaction may not occur in unirradiated cells, it 
may become significant after UV irradiation under exactly those 
conditions in which the leading strand must be restarted. 
Primttome* with PriA. PriB, and PriC May Be Involved in 
Restarts. PriA, PriB, and PriC are not essential for normal rep- 
lication, since strains with mutants in the single genes arc viable, 
although somewhat sick (39, 60, 133, 134). However, double 
mutants with recA are not viable. A potential role for these gene 
products is to facilitate the movement of the replication fork past 
certain problem areas in the chromosome that might be barriers 
for replication, such as unexcised bulky lesions. Perhaps bulky 
lesions are a more serious obstacle for the DnaB helicase in the 
template for lagging-strand synthesis than in the leading-strand 
template, since the polarity of DnaB predicts that the lagging- 
strand template will be tracked, the dual polarity of the pri- 
mosomc with PriABC might provide a backup helicase activity 
for proceeding beyond such barriers (2, 40, 133). 

Once a primer is formed, the polymerase III holoenzyme 
must bind to and extend the primer to restart the leading strand. 
When this stage is reached, the extension will be rapid, the 
polymerase III holoenzyme will catch up with the more slowly 
moving uncoupled DnaB helicase, a coupled replication com- 
plex will be reestablished, and this complex will then move at the 
normal rapid velocity ( 1 kbp/s) expected for normal replication 
fork movement. 

This mechanism requires cycling of the polymerase in 
holoenzyme on the leading strand at lesions as well as on the 
lagging strand In our original study, we estimated that the aver- 
age delay per dimer was about 10 s (72). If only the lesions in the 
leading strand cause a delay, then this rate is equivalent to 20 s 
per lesion. It was estimated that during normal replication, the 



lagging strand is primed every 1 to 2 s. In the experiments of 
Studwdl ct al. ( 1 10), cycling with model substrates was fast and 
was comparable to the calculated delay at a pyrimidine dimer. 

Maintenance of DnaB helicase at a fork may be sufficient to 
retain a replication fork if pc4ymetase III holoenzyme can recycle 
past lesions on the Jeading-strandtKmplate, because the polymerase 
will soon catch up with the slowed helicase when synthesis resumes 
at a primed site on the leading^rrand template. As pointed out 
before, the limiting fector in forming replication forks is the instal- 
lation of the DnaB helicase at replication origins, not the availability 
of the polymerase III holoenzyme. 

Translesion Synthesis. It is well documented that UV-produced 
lesions such as pyrimidine doners are effective blocks to DNA 
polymerases in purified systems and inside cells (15). It is also 
now dear that direct bypass does occur at low frequencies with 
purified porymerase I or polymerase III (67, 1 15). Results with 
a Aymine-thymine dimer incorporated at a specific site in a 
vector are particularly clear (5), When this single-stranded circle 
was used to transfect an excision-defective host, survival was less 
than 0.5% of that of the control, demonstrating that bypass was 
very rare. However, when the host was UV irradiated to induce 
SOS functions, survival rose to 25 to 30%, showing that in vivo 
bypass can occur with a high frequency at a particular lesion. 
This is a very specialized situation, and the results may have only 
limited applicability to a lesion in a double-stranded molecule. 
In the single-stranded circle, the alternatives are limited when a 
polymerase reaches a blocking lesion; it (or another polymerase) 
can keep trying to bypass the lesion until the template molecule 
is inactivated (for example, by nuclease attack). In a double- 
stranded molecule, competing reactions such as recombina- 
tional exchange or polymerase cycling to another site may de- 
crease the probability of bypass at aparticularsite except in cases 
such as overlapping daughter strand gaps, where recombina- 
tional exchanges do not provide feasible alternatives. 

What is the contribution of direct translesion synthesis after 
UV irradiation? UV mutagenesis depends on the umuC and 
umuD gene products, presumably as a result of mutagenic trans- 
lesion synthesis. How frequently does this synthesis actually oc- 
cur, and what effect does it have on survival of UV-irradiated 
cells? Experiments were done to determine the effect of con- 
structing a double mutant defective in both umuC and uvrA, 
Walker and Dobson (126) did not observe any increased sensi- 
tivity due to the umuC mutation in either wild-type or wrA6 
excision-defective strains. Thus, under conditions in which the 
xteombinauon systems are active, any enhanced survival pro- 
moted by translesion synthesis dependent on UmuC is minimal 
and can represent only a small fraction of those events that 
occur when a replication fork reaches a blocking lesion. While 
the UmuCD-dependent bypass of lesions is quantitatively domi- 
nant for UV mutagenesis, these error-producing events arise 
from a very small fraction of the total repair events. 

Inhibition of DNA Synthesis by UV Irnufatiom Induced 
Rephsome Reactivation and Replication Restart Transient in- 
hibition of DNA synthesis in UV-irradiated K coti was studied by 
Khidir et al. (30) and Witkin et aL (12$), This phenomenon has 
been termed Irr (induced replisonw reactivation) or reph'cation 
restart (15, 30, 1 28), These studies, which show a requirement for 
RecA and a second additional factor, are complicated by the feet 
that most of the experiments were done in an excision-proficient 
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background that allowed rapid removal of lesions after irradia- 
tion. However, it is dear from the data in both papers that aft* 
irradiation, although DNA synthesis was markedly inhibited, 
substantial residual synthesis continued even when the Irr or 
replication restart did not occur. The interpretations of the vari- 
ousauuwrsareuiatlesionsbringuiereplisonietoacompletehalt 

and that the replisome must be "reactivated" or "restarted to 
allow DNA synthesis to continue. However, if the interpretation 
offeredhereiscorrect, i.c thatblockinglesionscausenncouphng 
of polymerase 111 and DnaB activity of the replication complex 
rather thanacompleteblock,then the interpretation of thesedata 

will be rather different. _ 

Thus, if a replisome is not blocked at a lesion, it does not 
need reactivation or a restart to pass the lesion. Inhibition in- 
itially occurs because template strand lesions uncouple the neb- 
case and the polymerase at the replication fork, causing the 
overall movement of the fork to slow down but not stop. In this 
model, inhibition might persist if the passage of the replication 
complex generates structures that might be resistant to the nor- 
mal modes of repair and thus accumulate to provide a sink that 
competes with the folk for components that might be limiting, 
such as the polymerase 111 holoenzyme. In this situation, trans- 
lesion synthesis might well be the mechanism to relieve the 
observed inhibition, but this translesion synthesis would not be 
required to occur direcdy at the fork to get it restarted but would 
occur at structures generated by the previous passing oi the 
DnaB helicase component of the replication complex. The third 
role of RecA (67. 112) in addition to cleavage of LexA and 
UmuD, could be a protective effect of its binding to single- 
stranded DNA. This effect might be particularly critical, since 
the calculations given above indicate that the level of SSB may be 
insufficient for the amount of single-stranded DNA generated 
soon after UV irradiation. 

In this model. DNA synthesis can be inhibited in at least two 
ways by uncoupling DnaB helicase activity from polymerase HI 
chain elongation of the leading strand at the replication fork. 
First, when DnaB helicase is uncoupled, it separates strands 
much more slowly than when it is coupled with polymerase III 
in the normal fork configuration. In the second, a somewhat 
indirect way, unrepaired pieces left in the wake of the advancing 
uncoupled fork could be competitive sinks for polymerase 111 
holoenzyme, particularly if they retain either the entire poly- 
merase III enzyme or a subassembly of the holoenzyme, as 
might occur in the facilitated bimolceular transfer of the polym- 
erase 111 core to a second prepriined location. The accumulation 
of significant quantities of these unrepaired termini with prop- 
itiation complex remaining attached could compete with the 
replication fork for the limited number of polymerase III 
holoenzyme molecules in the ceU. If these locations are at closely 
spaced lesions or overlapping daughter strand gaps, SOS-medi- 
ated translesion synthesis requiring UmuCD' might be required 
to remove inhibitory unrepaired competitive termini (92, 93). 
Sommer et al (107, 108) suggested that the UmuCD' proteins 
compete with RecA and switch from homologous recombina- 
tion to SOS mutagenesis and that this switch occurs slowly 
because the induction of the UmuCD proteins is delayed. 

Summary 

Although many steps and many polypeptides are required for 
replication, the single most important element that is required 
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for beginning and maintaining a round of replication is the 
insertion of the DnaB helicase at the replication origin and us 
continued ordered processive advance through the replicon. Its 
entry into the DNA precedes entry of the polymerase 111 holoen- 
zyme, and its location at the front of the replicanon fork separates 
the strands for copying by polymerase III. It is dear from the 
work of Baker et al. (3) that the DnaB helicase can separate 
strands for long distances on its own and that priming can occur 
so that the subsequent addition of polymerase in holoenzyme 
results inrapid copying of the exposed regions, presumably until 
polymerase IU either catches up with the more slowly moving 
DnaB hdicase or comes to another duplex region, for a replica- 
tion complex in an unirradiated cell, synthesis of the leading 
strand will be synchronous with advancement of the DnaB heli- 
case, because the rate of chain elongation is greater than die 
movementof DnaB hdicase alone. (Itisnot clear whether DnaB s 
higher velocity under coupled conditions is due to specific pro- 
tein-protein interaction between polymerase III and DnaB or 
whetherthe rapid polyinerization<mtheleadiiig-strandte^roplate 
exposedby DnaB is sufficient to bring thepolymerase fflholoen- 
zyme into direct contact with DnaB and simply push the DnaB 
helicase faster without any specific interactions between the pro- 
teins.) Coordination with lagging-strand synthesis is accom- 
plished in two ways. First, the lagging-strand primers require the 
interaction of DnaG prima* with DnaB hdicase. Second, the 
polymerase III holoenzyme has adimeric structure with two core 
enzyme units, so that polymerization on the leading and lagging 
strands can take place simultaneously with the same dimeric 
polymerase molecule. It has thus been proposed that while one 
of the core units of the dimeric polymerase ni continuously 
extends the leading strand, the second part of the dimeric mole- 
cule continuously recycles to generate the discontinuous Okataki 
pieces of the lagging strand 

Whit effect does DNA damage have on this process* The 
main points are that the replisome or replication fork may not 
always behave like a monolithic unit, and that the assumption 
that the entire replication fork stops at a lesion just because one 
component of the replication complex, the polymerase BI 
holoenzyme, stops there is probably an inaccurate oversimplifi- 
cation. The continued progress and integrity of a replicating 
fork may well be determined by what happens to the DnaB 
helicase rather than by what happens to a particular polymerase 
ID holoenzyme molecule. Although polymerase 111 can easily 
start dongating chains from an appropriate primer at any loca- 
tion, the correct insertion of DnaB hdicase to create a replica- 
tion fork is a highly specialized reaction that occurs efficiently 
only at replication origins- 

CONCLUSION 

In this chapter are discussed the variety of spedfic and nonspe- 
cific mechanisms that bacteria have developed to meet the chal- 
lenges of the many dictations that are introduced into DNA. 
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